Highly Charged Proteins: The Achilles' Heel of Aging Proteomes  by de Graff, Adam M.R. et al.
TheoryHighly Charged Proteins: The Achilles’ Heel of Aging
ProteomesGraphical AbstractHighlightsd Proteins undergo random damage from oxidation in aging
d Oxidative damage can change side chain charge, leading to
protein stability loss
d Highly charged proteins are at particular risk of large
oxidative stability loss
d Key pathways and aggregates of old cells are enriched in
highly charged proteinsde Graff et al., 2016, Structure 24, 329–336
February 2, 2016 ª2016 Elsevier Ltd All rights reserved
http://dx.doi.org/10.1016/j.str.2015.11.006Authors
Adam M. R. de Graff,
Michael J. Hazoglou, Ken A. Dill
Correspondence
adam.degraff@stonybrook.edu
In Brief
de Graff et al. show that random
modification of side chain charge by
oxidative damage could be a dominant
source of protein stability loss in aging
organisms. This provides a mechanism
connecting damage to functional loss and
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levels of damage could affect aging.
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As cells and organisms age, their proteins sustain
increasing amounts of oxidative damage. It is esti-
mated that half of all proteins are damaged in old or-
ganisms, yet the dominant mechanisms by which
damage affects proteins and cellular phenotypes
are not known. Here, we show that random modi-
fication of side chain charge induced by oxidative
damage is likely to be a dominant source of protein
stability loss in aging cells. Using an established
model of protein electrostatics, we find that short,
highly charged proteins are particularly susceptible
to large destabilization from even a single side chain
oxidation event. This mechanism identifies 20 pro-
teins previously established to be important in aging
that are at particularly high risk for oxidative destabi-
lization, including transcription factors, histone and
histone-modifying proteins, ribosomal and telomeric
proteins, and proteins essential for homeostasis.
Cellular processes enriched in high-risk proteins
are shown to be particularly abundant in the aggre-
gates of old organisms.
INTRODUCTION
As cells age, their biomolecules accumulate oxidative damage
from reactive by-products of respiration and other forms of
metabolism (Adachi et al., 1998; Oliver et al., 1987; Sohal
et al., 1993; Starkereed and Oliver, 1989). Proteins are particu-
larly important targets (Smith et al., 1991) based on the
following evidence. (1) In old organisms, up to 30% of pro-
teins are carbonylated and at least 40%–50% of proteins likely
have some form of oxidative damage (Starkereed and Oliver,
1989). (2) While oxidation also damages lipids and nucleotides
of DNA and RNA, most cellular biomass is protein and most
processes are mediated by proteins, including the repair of all
other biomolecules. (3) In vivo and in vitro enzymatic activity
of many protein species decrease with both acute and gradual
increases in oxidative damage, resulting in decreased perfor-
mance (Carney et al., 1991; Sharma and Rothstein, 1980). (4)
The thermal stability of many proteins, known to be essential
for their enzymatic activity, is reduced in aged organismsStructure 24, 32(Oliver et al., 1987; Sharma and Rothstein, 1980). (5) Loss of
proteome stability is an early and universal feature of aging
(Balch et al., 2008; Ben-Zvi et al., 2009), and is accompanied
by loss of solubility and the aggregation of a vast number of
proteins (Walther et al., 2015). (6) Major human diseases of ag-
ing, including Alzheimer’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, and cancer, have been linked to
protein damage, decreased enzyme activity, and aggregation
(Smith et al., 1991; Xu et al., 2011). (7) Oxidative protein dam-
age appears to follow a universal trajectory with age across or-
ganisms (Figure 1). This universality is more readily explained in
terms of random untargeted damage events across many
different proteins in a proteome than in terms of specific failure
of a small number of particular proteins or biochemical
pathways.
There are many molecular mechanisms of oxidative damage
to proteins (Table 1). Damage results from interaction with reac-
tive oxygen species (ROS), reactive nitrogen species (RNS), and
reactive lipid and glycolytic products (Shacter, 2000; Stadtman,
2006). Reactive species can cleave the polypeptide backbone,
alter side chains, or covalently bond side chains to lipids, carbo-
hydrates, or even other side chains. Damage to individual side
chains is likely to be particularly relevant in aging (Stadtman,
2006). For one thing, the breakage of protein backbones can
be readily handled by the cell’s machinery for degrading pro-
teins. For another, oxidative modification of individual side
chains is estimated to be orders of magnitude more abundant
than other forms of damage (Stadtman, 2006), with a large frac-
tion of such modifications resulting in a change in side chain
charge (Davies et al., 1987; Hipkiss, 2006; Rao and Moller,
2011; Stadtman, 2006).
Any plausible mechanism for the detrimental effects of oxida-
tive damage on health must address a key question: How can
such a small amount of oxidative damage, averaging less than
one amino acid per protein molecule in aged organisms (Stadt-
man, 1992; Starkereed and Oliver, 1989), account for the large
phenotypic changes associated with aging? Clearly the modifi-
cation of single amino acids that are directly involved in catalytic
function could decrease activity and, hence, fitness. However,
catalytic sites account for only a small fraction of a protein,
whereas the large majority of amino acids influence protein sta-
bility. Given the importance of stability to catalytic function and
the low stability of many proteins (Supplemental Section 2), we
propose that untargeted oxidative perturbations to protein sta-
bility could be the more abundant source of enzymatic activity
loss in aging (Carney et al., 1991; Smith et al., 1991).9–336, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 329
Figure 1. Age-Dependent Increase of Oxidative Damage to Proteins
Across Organisms
The extent of protein damage, as measured by carbonyl content, with age in
worms (purple diamonds) (Adachi et al., 1998), flies (green triangles) (Sohal
et al., 1993), rats (cyan squares) (Starkereed and Oliver, 1989), and humans
(blue downward triangles) (Oliver et al., 1987). The black line is the least-
squares fit to the combined data. The cyan band represents the range of
outcomes if the parameters of the fit are varied by ±15%. The horizontal pink
bands correspond to the maximum levels observed toward the end of life in
people with progeria and Werner syndrome, which are premature aging dis-
eases (Oliver et al., 1987).
Table 1. Main Methods of Oxidative Modification to Amino Acid
Side Chains
Method of Oxidation Amino Acids Affected
Metal-catalyzed
oxidation
Arg, Lys, His, Pro, Thr, Tyr, Cys, Met
1O2 Arg, Lys, His, Pro, Thr, Tyr, Cys, Met
ONOO Tyr, Cys, Met
HOCl Arg, Lys, Pro, Thr, Tyr, Cys, Met
Ozone Arg, Lys, Pro, Thr, Cys, Met
g-Ray Arg, Lys, His, Pro, Thr, Tyr, Trp, Val, Leu,
Cys, Met
All these methods can affect side chain charge (Shacter, 2000).Wehypothesize that randommodification of side chain charge
represents a dominant source of protein stability loss in aging
cells and organisms. It is known that themost frequently oxidized
side chains are those of the charged amino acids lysine and argi-
nine (Petrov and Zagrovic, 2011; Requena et al., 2001; Stadt-
man, 2006), as well as the neutral amino acids cysteine, methio-
nine, proline, threonine, and histidine (Hipkiss, 2006; Rao and
Moller, 2011). Importantly, the main oxidation products of both
charged amino acids are neutral (Hipkiss, 2006; Requena
et al., 2001; Stadtman, 2006) and those of the neutral amino
acids are often negative. For proteins with a net negative charge,
such modifications have the effect of making the protein even
more negative, with potentially destabilizing consequences.
Oxidation can also perturb a protein’s charge in the positive di-
rection, as negatively charged amino acids can also be damaged
to form neutral by-products, albeit less frequently than their pos-
itive counterparts (Davies et al., 1987; Hipkiss, 2006). For
example, while cysteine is classified as a neutral amino acid,
its near-neutral pKa causes significant occurrence of its nega-
tive protonation state. This negative charge is removed when
cysteine is converted to serine or forms a disulfide bridge, which
could be particularly destabilizing to a protein with a net positive
charge.
The most frequent cause of protein damage is thought to be
metal-catalyzed oxidation, which preferentially damages pro-
teins containing particular transition metals (Requena et al.,
2001) (Table 1). Another important source of charge modification
is protein deamidation, whereby asparagine and glutamine are
converted to negatively charged aspartate and glutamate (Rob-
inson and Robinson, 2001). In addition to the direct mechanisms
of charge modification shown in Table 1, there are also indirect
mechanisms. For example, the oxidation of guanine and methyl-
ation of cytosine in DNA, which becomemore abundant with age
and are altered in cancer, can lead to mutations that change330 Structure 24, 329–336, February 2, 2016 ª2016 Elsevier Ltd All ramino acid charge by changing the respective codons. In addi-
tion, a damaged side chain can change the protonation state
of neighboring side chains or alter the binding of counterions.
Lastly, protein charge can be modified by a change in pH, which
not only varies between cellular compartments, but more im-
portantly can also change with age, cancer, and disease (Hen-
derson et al., 2014). Thus the proteins predicted to be the
most destabilized by oxidative charge modification are also pre-
dicted to be sensitive to aging-related changes in pH. All of these
changes are likely to occur mainly on protein surfaces, but not
exclusively (Rao and Moller, 2011).
In summary, oxidative damage often randomly alters a pro-
tein’s net charge. Given that all proteins generally have both pos-
itive and negative side chains that are susceptible to damage,
oxidation can act to make positively charged proteins more pos-
itive and negatively charged proteins more negative, and vice
versa. In this work, we quantify the effects of surface charge
modification on protein stability in the context of aging. We
find that short, highly charged proteins are particularly suscepti-
ble to large stability loss from such charge modifications, with
the magnitude of this loss being comparable to the full native
stabilities of those proteins. This work is particularly applicable
to random charge modification, in contrast to those that occur
as part of normal function, such as phosphorylation. This is
because sites that have evolved to accommodate changes in
charge as part of normal function are under high selection pres-
sure for such change, whereas selection pressure is expected to
be much weaker across all possible oxidization sites.
RESULTS
Net Charge on a Protein Decreases Its Folding Stability
We show here how particular subpopulations of the proteome
can be significantly destabilized by only small charge changes,
as can occur from random oxidative damage. It has been shown
to be a good first approximation to assume that a protein’s net
charge is uniformly spread over its surface. This allows the elec-
trostatic contribution DG to the folding stability to be written as
(Ghosh and Dill, 2009)
DG
kT
=
Q2dlb
2Rdð1+ kRdÞ 
Q2nlb
2Rnð1+ kRnÞ; (Equation 1)
where Qd and Qn are the protein’s net charge in the denatured
and natively folded states, Rd and Rn are the associated radii ofights reserved
Figure 2. Protein-Folding Stability Is Reduced in Highly Charged
Proteins
Shown here is a protein-folding process, and its corresponding folding free
energy, DG. Proteins that have a net charge will have reduced stability, due to
the compaction of the charge into a smaller space upon folding. See also
Figure S1.gyration, lb is the Bjerrum length over which charge-charge
interactions decay, k is the inverse Debye screening length
(k2 = 2cslb, where cs is the concentration of salt in solution),
and kT is Boltzmann’s constant multiplied by absolute temper-
ature. More positive values of DG indicate greater stability. The
average radius of gyration of native proteins is a known func-
tion of chain length, namely Rn = 2.24N
0.392 A˚, while the dena-
tured state radius is approximated here by Rd = 1.927N
0.598 A˚
(Kohn et al., 2004) (model predictions for a compact denatured
state are given in Supplemental Section 3D). These radii are
assumed to be unaffected by single oxidation events. Protein
net charge Qd and Qn are estimated from the standard pKa
values of the side chains composing the protein sequence,
with the exception of histidine in the native state, for which
we use the average experimental pKa measured across a set
of folded proteins. The pKas of the other side chains are gener-
ally sufficiently acidic or basic such that differences between
native and denatured state values have little impact on the
net charge (see Figure S1; Supplemental Sections 1A and 3D
for further discussion). To describe the cytoplasm, we use bio-
logically realistic values lb = 7.13 A˚ and k = 0.03 A˚
1, corre-
sponding to a dielectric constant of 78.5 for water and a salt
concentration of 0.1 M (Dill and Bromberg, 2011). While long-
range charge interactions are weak under such conditions
(roughly 0.15 kT per charge pair at a distance of 10 A˚ [Lee
et al., 2002]), their large abundance makes them important in
aggregate, especially for proteins with high net charge and
low stability (stabilities often being only a few kT, see
Figure S3).
Equation 1 expresses the principle that a greater net charge
on a protein acts as an unfolding force because of the stronger
charge-charge repulsions within the smaller volume of the
folded state relative to the more expanded denatured
ensemble (Dill and Stigter, 1995; Stigter et al., 1991), as shown
in Figure 2. This electrostatics model has been previously
shown to capture (1) experimental pH-salt phase diagrams
for denaturing myoglobin, lysozyme, and RNase A (Ghosh
and Dill, 2009), and (2) the observed dependence of folding
stability on the square of the net charge (Dill and Stigter,
1995; Ghosh and Dill, 2009; Gitlin et al., 2006; Stigter et al.,
1991). Most charges are located on protein surfaces, as we
have assumed here, because burying charges in low-dielectric
protein cores is very unfavorable (Tokuriki et al., 2007). Supple-Structure 24, 32mental Section 3E discusses smaller contributions of spatial
charge heterogeneity.Small Changes in Charge Can Greatly Destabilize a
Highly Charged Protein
By taking differences using Equation 1, it is readily shown that
the charge perturbation from a single oxidation event—changing
a protein’s charge from Q to Q ± 1—leads to the change of an
average protein’s folding stability by
DDG
kT
=
ð±2Qd + 1Þlb
2Rdð1+ kRdÞ 
ð±2Qn + 1Þlb
2Rnð1+ kRnÞ: (Equation 2)
Equation 2 gives a key conclusion here: namely, thatmodifying
just one charge on a protein can cause a large change in folding
stability for a protein that is already highly charged, because the
stability change DDG scales with the net charge (QnzQd) (Sup-
plemental Sections 1A and 3A). This effect is further amplified in
smaller proteins due to their smaller radii of gyration.
Thus, the model predicts that changing one charge on a near-
neutral protein has little effect on stability, while changing one
charge on a highly charged protein can be strongly destabilizing.
This is in good agreement with experiments. First, themagnifying
effect of a protein’s net charge on the degree of destabilization is
consistent with results from charge ladder experiments, where
stability is measured across a broad range of net charge (Gitlin
et al., 2006). Second, the stability of the positively charged
staphylococcal nuclease (Meeker et al., 1996; Schwehm et al.,
2003) has been observed to bemore sensitive to point mutations
that remove negative side chains than to positive ones. Those
studies show that DDG scales linearly with DQ, consistent with
Equation 2. Third, the extent of destabilization predicted by the
model is similar to that observed in experimental studies of point
mutations in which charged residues are exchanged for neutral
ones that are good proxies for the oxidative by-products (Tokur-
iki et al., 2007), as shown in Figure 3 and Supplemental Section 4.
It is therefore quite clear that, in general, single-chargemutations
can significantly affect protein stability, a fact that has been used
to design proteins with increased stability (Makhatadze et al.,
2003).
Equation 2 makes another point. Random damage across a
proteome should lead to little or no change in the average stabil-
ity of the proteome, because half the events will be stabilizing (by
bringing the net charge closer to neutrality) and half will be desta-
bilizing (Figure 3 and Supplemental Sections 3B and 4). Even so,
the consequences are not symmetrical. Consider two copies of a
marginally stable protein. In a healthy proteome, these two
copies are sufficiently stable. Now, consider two damage
events: one stabilizes one copy of that protein and one destabi-
lizes the other copy. Nowwe have only one stable protein, where
before we had two. This is net destructive for the proteome (see
Supplemental Section 3B for further discussion).
Despite the simplicity of Equation 2, its main predictions are
likely to be quite robust to the details (Supplemental Section
3D). We can use it as a bioinformatics tool to search databases
for proteins at high risk for oxidative destabilization. Given only
an amino acid sequence, it can be used for rapid scanning of
whole proteomes and comparisons across species (see Supple-
mental Sections 1B and 1C).9–336, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 331
Figure 4. How a Single Charge Modification Affects the Stability of
Proteins and Pathways
(A) Extent of destabilization from changing net protein charge from Q to
Q ± 1 depends on protein chain length and net charge, as given by
Equation 2. Proteins can be partitioned into those whose stability is pre-
dicted to be robust to oxidation (blue) and those that are predicted to be
heavily destabilized by oxidation (red). Black curve: one SD from neutrality
within the human proteome (proteome-wide length and charge distribution
is shown in Supplemental Sections 1B and 1C). The human proteins rep-
resented as white circles are both predicted to be particularly sensitive to
oxidative destabilization and are of known importance to aging or involved
in a process important to aging (Tacutu et al., 2013). See Supplemental
Section 3D and Figure S3 for the sensitivity of the results to the radius of the
denatured state.
(B) Certain cellular functions and pathways are enriched in highly charged
proteins, and are thus predicted to be more sensitive to oxidative damage.
For this enrichment, proteins are considered highly charged outliers if their
net charge is greater than two SDs from neutrality (Supplemental Section
1B). Of the 14,079 human proteins verified at the protein level, 979 are
outliers. Colors reflect the degree of enrichment within each GO cateogy
(Table S2).
Figure 3. Distribution of Stability Change upon Single Charge Mod-
ifications
Experimental effect of the charge modification Q/Q ± 1 on protein stability
from mutation data (histogram) compared with the model prediction (Equa-
tion 2) averaged across the human proteome (curve). Only mutations that
turned charged residues into uncharged oxidation-product analogs (top) were
used in the histogram. Error bars represent the SD of the data (see Supple-
mental Section 4, Figure S2, and Table S1).Many Aging-Related Proteins Are at High Risk of
Oxidative Destabilization
Which specific proteins are at high risk for electrostatic destabi-
lization by a single oxidation event? Figure 4A, which shows key
predictions from the model, contains three types of information.
First, the color variation shows the biophysical model’s distribu-
tion of protein destabilization according to Equation 2: the
proteins expected to experience the highest degree of destabi-
lization are shown as the reddest (high charge, short chains)
and those at lowest risk are the bluest (near neutral, long chains).
Second, the black line, computed from bioinformatics distribu-
tions, shows one SD of charge in the human proteome. Most
proteins will be affected by less than 2 kT by a single oxidative
damage event, as roughly two-thirds of the human proteome
lies in the low-risk (blue) region below the black line. Third, Fig-
ure 4A contains 20 data points, indicating specific human pro-
teins that are of known importance to aging or are involved in a
process important to aging (Tacutu et al., 2013). They are plotted
on the figure according to their charge and chain length (Table 2).
The electrostatic potential at the surface of these high-risk
proteins differs markedly from their low-risk counterparts, as
shown in Figure 5, by comparing the domains of two of the
high-risk proteins identified by the model, telomerase reverse
transcriptase (TERT) and nucleosome-remodeling factor subunit
RbAp48 (RBBP4), with the low-risk protein ubiquitin. Both the
TERT and RbAp48 domains have almost exclusively positive
and negative surface potentials, respectively, indicating that
any increase in their net charge will add to the electrostatic repul-
sion and destabilize their native state. Given that experimental
stability data (Sawle and Ghosh, 2011) and modeling (Supple-
mental Section 2 and Figure S3) indicate that a significant frac-
tion of natively folded proteins have stabilities of only 2–4 kT,
the model suggests that the folded structure of these 20 proteins
could be susceptible to losing most, if not all, of their stability
from a single charge modification.332 Structure 24, 329–336, February 2, 2016 ª2016 Elsevier Ltd All rNext, we investigated how high-risk human proteins are
distributed across categories of biological function. Proteins
implicated in aging are often involved in one of the following dys-
functions: (1) altered packing of DNA around histones, (2)
abnormal histone modification, (3) decreased telomere stability,
(4) decreased transcriptional response to stress, and (5)
decreased protein translation and degradation (Lepez-Otin
et al., 2013). Consistent with our model, most of the protein cat-
egories conducting these processes are significantly enriched in
high-risk proteins, as shown in Figure 4B and Table S2. Further-
more, most of these functions also tend to be conducted in theights reserved
Table 2. Human Proteins Predicted to Be Heavily Destabilized by
a Small Change in Charge
Gene Name Function Charge Length (aa)
1 HSF1 transcription regulator 17 529
2 H2AFX histone +17 143
3 IGF1 hormone +20 195
4 SHFM1 proteasome 21 70
5 HSP90AA1 protein folding 23 585
6 NFKBIA transcription factor binding 25 317
7 RBBP7 histone binding 26 425
8 PARP1 poly ADP ribosylation +29 1,014
9 MTA1 histone deacetylase +29 715
10 RBBP4 histone acetylase 29 425
11 TERF2IP telomere 30 399
12 MDM2 E3 ubiquitin ligase 37 491
13 ELN structure +40 786
14 TOP1 transcription regulator +43 765
15 RPS6 ribosome +43 249
16 APP receptor binding 55 770
17 SIRT1 histone deacetylase 55 747
18 BCLAF1 transcription regulator +77 920
19 PJA2 E3 ubiquitin ligase 87 708
20 TERT telomerase +98 1,132
All proteins listed have identified relevance to aging or aging-related pro-
cesses (Tacutu et al., 2013). aa, amino acids.
Figure 5. Sensitivity to Oxidative Destabilization in High-Risk Pro-
teins Is Caused by the Strong Electrostatic Potential at Their Surface
The potential at the surface of (A) the positively charged telomerase reverse
transcriptase (point 20 in Figure 4A and Table 2; PDB: 3KYL) and (B) the
negatively charged nucleosome-remodeling factor subunit RbAp48 (point 10
in Figure 4A and Table 2; PDB: 2XU7) differ greatly from the weak potential at
the surface of (C) the neutral protein ubiquitin (PDB: 1UBQ).nucleus, suggesting that protection of high-risk proteins may be
a major benefit to keeping the nucleus free of damaging agents.
DISCUSSION
A Causal Role for Protein Destabilization in the Aging
Phenotype
Decreased protein stability can have many negative conse-
quences, including reduced catalytic activity, altered binding to
other biomolecules, increased aggregation or degradation, and
decreased steady-state abundance (Sharma and Rothstein,
1980). Such effects are observed in many of the proteins in our
high-risk categories.
The most enriched involve DNA binders such as histones,
which tend to have high positive charge to complement DNA’s
negative phosphate backbone and interact with specific bases.
In addition to causing the loss of specific charge-charge interac-
tions with DNA, which alone could alter function, oxidation can
also affect binding and turnover through a change in protein sta-
bility. Indeed, the abundance of certain histones has been
observed to decrease with age, with overexpression leading to
increased life span (Feser et al., 2010; Hu et al., 2014). Given their
roles as regulators of gene expression and protectors of DNA
against damage, it is not unexpected that their decreased abun-
dance affects transcriptional activity, cell metabolism, and, in the
case of histone H2AX, DNA repair (Feser et al., 2010; Hu et al.,
2014) (Figure 4A and Table 2).
Telomeres are also maintained by highly charged histone-like
proteins, and require telomerase to maintain their length. Oxida-Structure 24, 32tive stress is known to increase the rate of telomere shortening
several-fold. Interestingly, both the histone-like TERF2-interact-
ing telomeric protein 1 of the shelterin complex and telomerase
reverse transcriptase are very highly charged (TERF2IP and
TERT, Table 2). The present model therefore offers a plausible
mechanism connecting telomere shortening to oxidative stress.
The tightness with which proteins bind to DNA is regulated by
protein-modifying enzymes. Perhaps the most important in the
aging field, the deacetylase SIRT1, is predicted to be among
the highest-risk proteins in the human proteome. While SIRT1’s
fragility to oxidative damage has not, to our knowledge, been
tested directly, its activity is known to decrease with age (Braidy
et al., 2011) while its overexpression slows aging (Satoh et al.,
2013). Similarly, the levels of the highly charged chromatin re-
modeling factors RbAp46/48 (RBBP7/RBBP4, Table 2) and
MTA1 of the NuRD complex also decrease markedly with age,
which is thought to play an important role in age-related memory
loss (Alqarni et al., 2014).9–336, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 333
Figure 6. High-Risk Proteins Are More Likely to Aggregate
(A) The protein GO categories found to be enriched in the aggregates of aging
C. elegans (aggregation score [Walther et al., 2015]) are the same categories
predicted by the model to be enriched in high-risk proteins, defined as those
more than two SDs from neutrality. Due to the low number of reviewed
C. elegans proteins, the standard deviations from the human proteome were
used (Supplemental Section 1B). GO categories in the figure are: 1, oxidation-
reduction; 2, catalytic activity; 3, proteolysis; 4, metabolic process; 5, nu-
cleus; 6, nucleic acid binding (includes RNA); 7, extracellular; 8, DNA binding.
The black line is a guide to the eye.
(B) Proteins predicted to be at high risk of oxidative destabilization (more than
two SDs from neutrality) are also more likely to have a less structured folded
state prior to oxidation, as shown by the position of high-risk proteins (purple)
on an Uversky plot (Uversky, 2002) relative to that of the entire human prote-
ome (blue). The black line is the boundary previously found to delineate
standard, folded proteins from those with unstructured tendencies (Uversky,
2002).While several of the proposed mechanisms require further
experimental testing, there is already direct evidence for the
role of thermal stability in the declining inducibility of stress-
resistance pathways such as the heat shock response. The
heat shock response is activated by the binding of the transcrip-
tion factor HSF-1 to DNA. Consistent with its high-risk status, ev-
idence now suggests that HSF-1 loses its ability to provoke a
strong stress response, in part because of the loss of its thermal
stability when in complex with DNA, which limits the duration it is
bound (Heydari et al., 2000). The heat shock response may be
further sensitized to oxidative damage by the fact that HSF-1
binds DNA as a trimer, meaning that only one-third of HSF-1
needs to be damaged for most trimers to have an affected
subunit.
Finally, the predicted sensitivity of numerous protein synthesis
and degradation enzymes (RPS6, MDM2, PJA2, and SHFM1,334 Structure 24, 329–336, February 2, 2016 ª2016 Elsevier Ltd All rTable 2) to oxidative damage is consistent with the observation
that the rates of translation (Motizuki and Tsurugi, 1992) and
degradation (Carney et al., 1991; Ryazanov and Nefsky, 2002;
Smith et al., 1991; Starkereed and Oliver, 1989) decrease
several-fold with age, with reduced catalytic capacity of their
respective enzymes being partly responsible (Carney et al.,
1991; Motizuki and Tsurugi, 1992). While free radical production
often draws the spotlight when discussing protein damage
levels, reduced protein turnover plays an equally important role
(Ryazanov and Nefsky, 2002).
Aggregates Are Enriched in High-Risk Proteins
Further evidence for the hypothesis that highly charged proteins
are the Achilles’ heel of an aging proteome comes from exam-
ining protein aggregates in aging organisms, which are known
to be enriched in oxidized proteins (Erjavec et al., 2007). First, ag-
gregates in both aging budding yeast (Peters et al., 2012) and ag-
ing Caenorhabditis elegans (David et al., 2010; Reis-Rodrigues
et al., 2012) are heavily enriched in ribosomal and nucleic acid-
associated proteins, which are high-charge categories. Second,
Figure 6A shows that the types of proteins that are abundant in
the aggregates of aging cells (Walther et al., 2015) correlate
verywell with our predicted risk categories, based on net charge.
Interestingly, the observation that highly charged proteins tend
to aggregate goes against common wisdom that highly charged
proteins do not aggregate (Lawrence et al., 2007).
Three key properties may help explain the overabundance of
high-risk proteins in aggregates of aging organisms. First, high
net charge is known to be a key predictor of unstable, disor-
der-prone proteins, as can be seen by the position of high-risk
proteins on an Uversky plot (Uversky, 2002; Uversky et al.,
2008) (Figure 6B and Supplemental Section 3C). To remain
folded, such proteins may need to rely more heavily on the pres-
ence of their binding partners (Uversky et al., 2008), which can
become problematic given that proper protein stoichiometry is
lost with age (Walther et al., 2015). Second, disorder and low sta-
bility are strong indicators of a protein’s likelihood of becoming
damaged (Vidovic et al., 2014), and thus of having its stability
perturbed in the first place. Third, based on sound principles of
electrostatics, our model predicts that the high charge of these
proteins amplifies the stability change resulting from a charge
modification, a common outcome of oxidative damage, deami-
dation, and changes in pH (Henderson et al., 2014; Requena
et al., 2001; Robinson and Robinson, 2001). These three proper-
ties converge to make highly charged proteins the weak link in
aging proteomes.
In summary, we have proposed a mechanism by which oxida-
tive damage affects proteins in aging cells. It predicts that
random oxidative damage to protein side chains may be a major
source of proteome-wide stability loss in aging cells (Stadtman,
1992, 2006; Starkereed and Oliver, 1989); that many proteins are
hit non-specifically; that the protein structures at greatest risk for
substantial destabilization from single oxidation events have
high net charge and low stability; and that the stability losses
from single charge modifications can be equal to the full native
stabilities of these proteins. Reduced protein stability has
various consequences, from decreased catalytic activity, to
weakened protein-protein and protein-nucleic acid interactions,
to increased aggregation, which are all hallmarks of aging cellsights reserved
(Lepez-Otin et al., 2013). This mechanism therefore provides a
hypothesis for searching databases for proteins that may be
important to aging and aging-related diseases.
EXPERIMENTAL PROCEDURES
Protein Sequence Collection and Filtering
Proteome-wide sequence data were obtained from UniProt (Bateman et al.,
2015). No post-translational modifications were applied, and only proteins
that have been verified at the protein level (protein existence score of 1)
were used. The resulting proteomes were then used to calculate the spe-
cies-specific length and charge distributions shown in Figure S2, Table S1,
and Supplemental Sections 1B and 1C. The analytical length and charge dis-
tribution determined for the human proteome was used to calculate the distri-
bution of stability changes from single charge perturbations using Equation 2,
as shown in Figure 3. It was assumed that all proteins had an equal chance of
having their net charge perturbed from Q to Q + 1 as they did from Q to Q  1.
Calculation of Protein Charge
The net charges of proteins in the denatured (Qd) and native (Qn) states were
estimated from the standard pKa values of the side chains composing their
protein sequence (Lehninger et al., 2005), with the exception of histidine in
the folded state. The average degree of protonation of histidine in the folded
state, which deviates markedly from its standard value, was determined by
taking the average of experimentally measured values across a set of folded
proteins (Wisz and Hellinga, 2003). Native state pKas of the other side chains
are generally sufficiently acidic or basic that the native environment does not
significantly affect their average protonation state, as shown by the histograms
of experimental pKas in Figure S1 and discussed in Supplemental Sections 1A
and 3D.
Enrichment of High-Risk Proteins in Functional Categories
The enrichment of high-risk proteins within functional categories of the human
proteome, shown in Figure 4B, was determined in several steps. First, the hu-
man proteome includes only the 14,079 proteins that have been verified at the
protein level (protein existence score of 1) according to UniProt (Bateman
et al., 2015). These verified proteins were then used to determine how the dis-
tribution of charge within proteins varies with protein length. As shown in Fig-
ure S2E of Supplemental Section 1B, the charge distribution is approximately
Gaussian at each protein length, with the variance increasing linearly with
length (Equation S4D). Proteins were deemed high-risk outliers if their charge
was at least two SDs from neutrality. Second, the set of proteins belonging to
each functional category was determined by gene ontology (GO) categories
(Ashburner et al., 2000), as shown in Table S2. Enrichment was defined as
the fraction of high-risk proteins within each GO category relative to their frac-
tion in the total set of verified human proteins. p Values for these enrichments
were determined using Fisher’s exact one-tailed test (Table S2).
Comparison with Mutant Studies
The distribution of stability changes from single point mutations (Figure 3) was
used as a proxy for the distribution expected for oxidative damage to charged
side chains. Mutation data were obtained from the large dataset in Tokuriki
et al. (2007), from which we extracted all single point mutations to amino acids
that both: (1) are solvent-exposed in the wild-type protein (requiring at least
25% of the amino acid’s surface area be accessible to the solvent [Tokuriki
et al., 2007]) and (2) exchange charged amino acids for the neutral amino acids
methionine, cysteine, alanine, or threonine. These four amino acids were
chosen because their hydrophobicities most closely resemble those of the
common oxidation by-products amino-adipic semialdehyde and glutamic
semialdehyde (Petrov and Zagrovic, 2014), as discussed in Supplemental
Section 4.
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